The structural and hydrogen/deuterium desorption properties of AlH 3 /AlD 3 were investigated by Raman spectroscopy, high-intensity X-ray/neutron diffraction, and thermogravimetric analysis. The latter revealed that more than 9.6 mass% of hydrogen/18.1 mass% of deuterium desorbs from AlH 3 /AlD 3 , respectively. The presence of -Al 2 O 3 on the surface may prevent the hydrogen/deuterium desorption reaction of AlH 3 /AlD 3 to Al at room temperature.
Introduction
Aluminium trihydride (AlH 3 , alane) is of interest as a possible hydrogen storage material because of its high gravimetric and volumetric hydrogen densities (10.1 mass% and 149 kgH 2 /m 3 , respectively) and because the hydrogen desorption reaction of AlH 3 to Al (AlH 3 ! Al + 3/2H 2 ) at 370-470 K is quite simple. [1] [2] [3] During the hydrogen desorption reaction, precipitation/grain-growth of metallic Al (size 1-50 nm) inside AlH 3 particles (size 100 nm-1 mm) covered by an amorphous Al 2 O 3 layer (thickness 3-5 nm) was recently revealed by in situ microscopic observations combined with thermal and surface analyses. 4, 5) In situ Xray photoelectron spectroscopy also revealed that, at room temperature, the hydrogen desorption reaction is prevented by an oxide layer on the surface of AlH 3 ; reaction begins only when the layer breaks up by thermal volume expansion of the underlying bulk AlH 3 . 4, 6) The layer apparently forms after thermal desorption of the solvated ether from AlH 3 -etherate, which is prepared by the following reaction between LiAlH 4 and AlCl 3 in ether solution:
Our goal in this study is to investigate the structural and the hydrogen desorption properties of AlH 3 after thermal desorption of ether. Analytic methods used include Raman spectroscopy, Cu K and synchrotron radiation X-ray diffraction, high-intensity neutron diffraction, and thermogravimetric/differential thermal analysis.
Experimental
AlH 3 -etherate was prepared according to the reaction (1). The particles were then examined by Raman spectroscopy (532 nm laser), powder X-ray diffraction (XRD, Cu K radiation), and thermogravimetric/differential thermal analysis (TG/DTA) (He flow 150 ml/min; heating rate 5 K/min). In addition, AlH 3 was examined for exposure time of 100 min by synchrotron radiation X-ray diffraction (incident wavelength of 0.0801898(2) nm) at beamline BL02B2 in SPring-8, and AlD 3 was examined for exposure time of 14 h by highintensity neutron diffraction at NOVA (beamline BL21, a decoupled liquid hydrogen moderator, incident flight path of 15 m and scattered flight path of 1.2-1.3 m at 90 degree bank) using 120 kW spallation neutron source in J-PARC. Diffraction data were collected over a lattice spacing range of longer than 0.065 nm and 0.008-0.63 nm for synchrotron radiation X-ray and neutron diffractions, respectively. Crystal-structure refinements over a lattice spacing range of 0.09-0.35 nm for X-ray and neutron diffraction were carried out by Rietveld analysis using computer programs RIETAN-FP 11) and Z-Rietveld, 12) respectively. Samples were handled in a glove box filled with purified nitrogen or helium gas (less than 1 ppm oxygen; dew point below 180 K).
Results and Discussion
We performed XRD measurements on samples before and after thermal desorption of solvated ether at 323, 343, and 363 K (Fig. 1 ). Before desorption, AlH 3 -etherate is present. 10, 13) After desorption, -(þ-)AlH 3 , -AlH 3 , andAlH 3 are present but aluminum etherate, aluminum oxide, and aluminum hydroxide are not identified. [8] [9] [10] [14] [15] [16] [17] We can also confirm the existence of single-phase -AlD 3 after desorption at 383 K for AlD 3 -etherate. The corresponding Raman spectra of samples before and after thermal desorption of solvated ether are shown in Fig. 2 . Before desorption, the spectral modes for Al-etherate agree well with reported values. 13) For comparison with the obtained spectra, we calculated spectral modes for -, -, -AlH 3 , and -AlD 3 (Table 1) ; calculations were performed by CASTEP density functional code 18) using the crystallographic parameters in the literature. [14] [15] [16] The obtained spectra thus confirm the presence of -(þ-, -)AlH 3 at 323 K, -AlH 3 at 343 K, and -AlH 3 19) at 363 K but neither aluminum hydroxide (3:3{3:7 Â 10 5 m À1 ) 20, 21) nor oxide (0:3{0:8 Â 10 5 m À1 ) 22) are observed. We infer that -AlH 3 partly transformed into -AlH 3 and -AlH 3 by laser irradiation of Raman spectroscopy because -phase is thermodynamically unstable. The composed spectral phases after desorption at 343 and 363 K for AlH 3 -etherate, and 383 K for AlD 3 -etherate ( Fig. 2) agree well with the XRD results ( Fig. 1) . Figure 3 shows TG/DTA profiles of samples heated at the same three temperatures for AlH 3 and at 383 K for AlD 3 . The compounds -(þ-) and -AlH 3 transform first into -AlH 3 by exothermic reaction with heating, and -AlH 3 then undergoes endothermic hydrogen desorption reaction at around 400 K. 3, [23] [24] [25] Because -and -AlH 3 are less stable than -AlH 3 , we infer that a surface layer forms by desorption of solvated ether and prevents the hydrogen desorption reaction of AlH 3 to Al. Deuterium desorption reaction begins at a temperature 20 K higher for -AlD 3 than for -AlH 3 , 26) for reasons not yet understood. The amounts of desorbed hydrogen/deuterium are more than 9:6 AE 0:2 mass% for AlH 3 /18:1 AE 0:2 mass% for AlD 3 (corresponding to more than 93% of the ideal amounts of 10.1 mass% for AlH 3 /18.3 mass% for AlD 3 ). Assuming that the amount of Al 2 O 3 in AlH 3 (or AlD 3 ) particles is 4 mol% under statistical error, we estimate the integrated intensity ratios for each the highest diffraction peak to be Int -Al 2 O 3 = Int -AlH 3 ¼ 4:6% for the X-ray diffraction profile and Int -Al 2 O 3 =Int -AlD 3 ¼ 2:8% for the neutron diffraction profile. Raman Intensity (a.u.) Although these values are small for statistical precision by Cu K radiation X-ray diffraction and AlH 3 is thermodynamically unstable, the atomic structure of Al 2 O 3 is suggested to be identified using synchrotron X-ray diffraction in a short measurement time. Also, high intensity neutron diffraction is essential for distinguishing between aluminum oxide and aluminum hydroxide. To obtain precise structural information regarding the surface layer, we performed high-intensity neutron/X-ray diffraction measurements (Fig. 4) and Rietveld analysis (Table 2 ) of -AlD 3 /AlH 3 , respectively. In the initial Rietveld refinements of neutron diffraction data of -AlD 3 , isotropic atomic displacement parameters, U, for Al and D, and x for D were refined simultaneously, while occupancies, g, for Al and D were fixed at unity. Then g for Al and D was then refined, but did not deviate from unity. In the Rietveld refinements of X-ray diffraction data of -AlH 3 , U for Al was refined while U and x for H were fixed at the values in the literature.
9) The vertical enlargements of the diffraction profiles show small diffraction peaks with the same lattice spacing values except for -AlD 3 and -AlH 3 in Fig. 4 . These lattice spacing values for neutron and X-ray diffraction profiles are close to those of -Al 2 O 3 (corresponding to 101-107% of the values in the literature 27) ). Therefore, the present result suggests that -Al 2 O 3 forms on the surface of AlH 3 (AlD 3 ) by desorption of solvated ether. The metastable polymorphs (-, -, -, -, -, Table 2 Summary of crystallographic parameters of -AlD 3 /AlH 3 (space group R-3c (167) and Z ¼ 6) obtained by high-intensity neutron/X-ray diffraction measurements and Rietveld refinement, respectively. Numbers in parentheses are estimated standard deviations of the last significant digit. R wp , R e , R B , and R F are statistical reliability factors based on the observed intensities, the statistical error associated with the observed intensities, the Bragg intensities, and the structure factor.
Unit cell a/nm 0.4437560(6) 0.445124 (4) c/nm 5) may be observed under diffraction peaks of the crystal structures in Fig. 4 .
As described in section 1, the surface layer on the AlH 3 particles should play a dominant role against the occurrence of the hydrogen desorption reaction, due to the different thermal expansion of the hydride and oxide. Further, the oxide layer on the Al particles after the hydrogen desorption reaction prevents the hydrogen re-absorption reaction, for example, under high hydrogen pressure. 30, 31) Thus, precise information on the atomic structures and thermal volume expansions of -Al 2 O 3 and amorphous Al 2 O 3 will have intrinsic effects on the hydrogen desorption kinetics and hydrogen re-absorption reaction.
Conclusions
We have attempted to elucidate the structural and hydrogen/deuterium desorption properties of AlH 3 /AlD 3 by Raman spectroscopy, high-intensity X-ray/neutron diffraction, and thermogravimetric analysis. More than 9.6 mass% of hydrogen/18.1 mass% of deuterium desorbs from AlH 3 / AlD 3 particles, which means that the amount of the Al 2 O 3 layer covering the particles is less than 4 mol%. -Al 2 O 3 on the surface may prevent the hydrogen/deuterium desorption reaction of AlH 3 /AlD 3 to Al at room temperature.
